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AI] STl<ACrJ’

‘1’IJc G] 1’SY-OASIS  1 I (GOA II) is an advanced soft war-c s~stcm used for analysis of tracking data
from 1 iar~h  orbitin~  satellites. It has special modeling and estimation capabilities for the Global
f’osi(ioning  S ystcm (G J’S). GOA 1 I was developed by the Jet Propulsion Laboratory with NASA
funding and is in widespread usc arouncl the world as a modern, big.}) precision, versatile and
efficicnl tool for orbit (letcrmination  with capability for unattended, automated operations. GOA 11
also offers many power’ful and unique simulation and covariance  analysis capabilities used in
systcln  design and tracking accuracy assessment. The software has been used in analysis of
tracking data from low-liar(h  altitude. (500 km) to geosynchronous altituclc  (36,000 km) and has a
~icl~wnstratcd capability for 2-cnl orbit accuracy in low-Earth orbit. It hand]cs multi-station, nnrlti-
satcllitc clata as well as satellite-satellite tracking scenarios. For GPS satellites, orbit accuracies of
10-30 cm arc routinely obtained in automated, daily data processing. Recent geosynchronous
tracking  anal yscs have demonstrated 10-25 m orbit accuracy. The software is easily ported to small
LJNI X workstations. G(3A 1 I recently received an award for excellence from NASA under the
Space Act and is current 1 y licensed to users through the California Institute of Technology.

1. INTRODUCTION

G] 1’SY-OASIS  11 (GOA 11) is a general satellite tracking and orbit determination software system
~~hich  inc]udcs many special features tailorccl  to Global Positioning System applications. GOA II
h:~s c~’olvcd  from two earlier versions, OASIS (Orbit Analysis and Simulation Software) and
Cill’SY (G1’S lnfcrrcd  ]’osi[ioning  Sys t em) . Several different NASA programs have jointly
~’c)n[ribllted  to the dcvclopmcnt  of GOA 11, including the $,eodynarnics program; the
‘1’(>pcx/1’c~sci(loJl  mission; and NASA’s Deep Space Network (I)SN) which is operated by the Jet
l’repulsion 1,aboratory  (J 1’L).  DLIC in part to the clivcrse  inlcrests of the sponsors of the software, it
hxs a myriad of capabilities and can be used for (or easily adaptccl  to) most any Earth orbiting
(racking  problem. ‘1’hc current version of the software system includes nlore than 380,000 lines of
cmlc, pills 160,000 lines of commcn[s.  Key features of CJII’SY-OASIS 1 I include the following:

● 1[ is capable of mul(i-station,  multi-satellite, and satellite-satellite processing. The number of
stations anti satcl]itcs handled simultaneously is limited only by the memory of the computer.

. It utilixs the latest  anti  the most accurate models for sateliite (iynamics  ant] radio metric
mcasurcmcnts inc]u(iing the T20 solar pressure model for GPS satellites, the new GPS yaw
at[itmic nmicl,  user-sclcctablc gravity flelcls, atmosp}lcric drag, and e~npirica]  forces.

. 1[ ai iows the cst ilnation of any user-defined subset of parameters ancl has a flexible first-order
Markov process-noise paramctcriz,at  ion capabilit y for any cicsignatcd  estimated parameters,
inuiu~iin:  satcllilc position an(i velocity. ‘1’hc up(iate time, the time correlation and the steady-
state sigma can be vwic(i as (icsire(i. Through wtlite-noise. modeling of transmitter and
r~-rciv~>r ciocks,  GOA 1 I provides optimal  single zrn(i double  differc]lcing of measurements.



● 1 [ incorpora[cs  a stab]c, hi~h precision Square-Root It lformation Filter (SRIF) for sequential
cs[inm[ion O( paralnctcrs  and a LJ-11 factorized smoo[hing  algorithn~.

● l(isl’lll  lyco]ll]);](il)lc~  vi(ll  small UNIX computer sys[ems and ishighlyportablc.  GOA II is
currcn[]y running on 11P, Sun, and IBN4 RS6000  workstations, Processing is automated
[Ising (I NIX u[i]i[cs csh, pcrl, awk, and SCCI.

“ It l]as a comprchcnsivc  on-line user’s guide for all modules directly interfaced with the users.

● CioA 11 is copyrigh[cd  and liccnsecl through the California Institute of Technology. Hundreds
of users worldwide currcnt]y  use CJOA 11 for a wide varie(y of satellite tracking and
posi[ionin:  applications. J]>]. offers a trainin!, course which cm be tailored. GOA 11 will be a
}>rill~ary  analysis too] for GI’S geodetic arrays in (hc U.S. and Japan (Geographical Survey
lnsti(utc GI’S Nc[work)  for seismic monitoring..

GIPSY-OASIS 11 has been used successfully in the followirlg applications:

● As an analysis center for the ]ntcrnational  GPS Geoclynamics  Service (IGS), JPL uses GOA
1 I tt) :lll[olll:ltic:lll~~  process on a daily basis worldwide GPS data to routinely provide 20-cn~
a~’cura[c G]+ orbits, 1 -cln accuracy for ground positions worldwide, 1 -cm accuracy for the
1 l:u[h’s pole position, and 0.03 msec (- 1.5 c]n) accur:icy  for chanfc  in Earth rotation.

. I l:lily (.il’S da[a from the low-liar[h oceanographic Topex/Poseiclon  satellite and from ground
stat ions arc analszcd  in an automated GOA 11 data processor at JI’I.. Quick-look automated
sol U[ ions for t hi ‘I”opcx orbit available the next day are accurate to 5 cm (raclia]).  The most
accura~c posl-fi[  solutions from GOA 11 show 2-cnl radial orbit accuracy for Topcx/Poseidon.

Q GI’S d:ila acquired from the low-Ea~lh  Extreme lJltravioIet  Explorer (13UVE) satellite have
been :Inaly~.cd [o dcmons[rate  m-level orbit determination accuracy after the fact, with 15-nl
accul”acy ~icmonstratcd  for clata analysis in a real-time mode. Sub-meter 3D real-time
knotvlcdgc  of the Topcx orbit is typically available from automated GOA 11 processing.

● 11 igll  i\~~Llri\~y  ( 10-30 cm) so]ut  ions for low-Earth orbiters (SP()’1’2 and Topex/Poseidon)
hi~vc  also been ob(aincd  with GOA 11 processing ncm - GPS range and IIoppler data.

, Rcccn[ GOA 1 I iitlillysis Of GI’S clata from the low-l .arth MicroLab satellite has resulted in
dccimc[cr-level orbits used to produce 1 -dcg accurate atmospheric temperature profiles.

● ‘Irilcking  (lilt~~  froln geosynchronous satellites have been analyzed using GOA II, JPL
rcccn[ly  clcmons[rated 10-m precision for INMARSAT orbits, and also completed a
cxpcrimcnt for ground-based 1’DRS tracking using a ~lnique  tracking technique in which 20-
lnctcr i~c~ll]”iicy  was a[[aincd. GOA 11 has also processed data fro]n an Air Force (DSP) GEO.

● A wiclc spcc[ruln  of simulation and covariance  analyses have been performed for the design
and accuracy assessment of various orbit tracking syslems, with and without including GPS
siit~ll  i[cs. Rcccn( and ongoing studies have included various commercial low-Earth satellites;
lnilitary low-l iar(h, high-Earth,  and geostaticmary  sa[cllites; and more than a dozen NASA
lnissions  involvin:  satc]]itcs ranging from very low to above geosynchronous altitude.

11. GIPSY-OASIS  11 OVI:RVIIIW

‘Ik ovcra]l s[ruc[utc  and flow of cxccu(ion for GOA 11 is shown in 1 ;ig. 1. The software was
dcsiSncd  and wri[[cn as a general purpose satellite tracking analysis system. To r-maximize
t’lcxihili[y  (I)C design was made highly modular. There arc about a dozen kcy modules and sub-
l]~(>dlllcs  tl]:ll  l]l:~y  bc C: II ICCI in scqllcncc  (or a sub-scqucncc  may bc iterated) in the course of an



cs[il]ld[ ion rLIn. There is no “hard-wiring” of the modules one to another. Rather, their operation
is governed by a lligl~cr-lcvc]  executive consisting of lJNIX shell scripts which effectively take the
l>li]cc t)f [l)c an:l]yst  for routine or automated operations. For unique  or non-standard applications,
;III analyst may C11OOSC  (o cxccutc the nmdLdcs individually. Simple  automatic execution of the full
systct]l, from da[:l rc[ricv;il to estimation and archiving of a full suite of orbit, clock, and
{’_copl~ysic;ll  paramc[rrs, requires only a few p:~gcs of IJNIX script. ~lowcver, robust, foolproof&
cxcmfion  for op~’ra[ionai  dclivwy of time-crltlcal or mission-critical parameters, as is currently
done for NASA’s ‘I’o}>cx/f  ’(>scicloll  mission and for the IIlternationa] (;1’S Service, may require
several thousands of ]incs of LJNIX script. These more elaborate executives perform” everything
from intcl]igcnt  memory ancl file management to exhaustive verification and correction of the
compu[cd  products; in effect, they embody the knowledge and automate the decision processes of
i{ll  CX])CII  ~ll]iilyst  t[> ilss[lrc i~ fau]t-free product.
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Editor: identifies and removes outlier  data points
from prefit tests; connects carrier phase and
identifies phase breaks

I Predictor/corrector variable step integrator
I cornputcs  satellite trajectories
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State-of -the.arf  force nodeling: Earth/Sun/Moon/planets (and tidal)
gravity perturbations, solar pressure, thermal radiation, drag, gas
leaks, empirical models... Geometric mc)dels: Earth orientation,
tides, ocean/atmosphere loading, general relativity, crustal  plate
motion, GPS yaw model, atmospheric path delays, phase windup . . .

Square-root informatiorl  filter and UDU factorized smoother
Generalized process noise modeling (all parameters)
Automated ciata rejection and iteration sequences
Full consider sensitivity analysis with smoothing
Batch/sequential mechanization with variable batch intervals

Predictor/corrector variable step integrator
computes satellite trajectories

El
h’ig. 1. l:Iow  d i a g r a m f o r  GI1’SY-C)ASIS 1 1 .  l)ata c a n  bc GPS ancl/or  non-GPS: carrier phase;
l)opl)ll’~;  ~UIlgC;  l) SC[l(10~ill)~(2;  o n e - , two-, and three-wa) clatatypes; angle d a t a ;  and  p o s i t i o n
and velocity dots .  ‘1’ypicol output  products  es t imated can include:  past ,  current ,  and future
s:llellite cpl)cm{~ridcs; guound  c o o r d i n a t e s ;  a t m o s p h e r i c  d e l a y s ;  hiascs; tinling offsets .

one virtue of this architecture is that GOA 11 can bc optimized to an Llsually wide range of satellite
orbi[ cs[imation problems simply by modifying (or creating) a relatively small amount of UNIX
script. Usually the CJOA 11 code itself which has been tuned for numerical stability, precision, and
c[>]]ll>lltil[iol]ill  efficiency over many years of demanding USC, need not be touched at all.

A sllbs[:ll~[i:~l  :Itnotlnt of cifor[ l)iis  been expended to provide advanced and sophisticated analysis
ilt)(l  pmccssing capabili(ics  in CK)A 11 for CIPS applicatiotls.  As installeci  at JPL, GOA II can be
r~ltl  in a hi~l~ly  alltoln:~[cd  ]nodc ou~lincd  scqucntiiilly in I~ig.  1. l)iffcrcnt  criteria can be used for
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dc[crnlinin: w h e n  10 s[ml p r o c e s s i n g  ciata, but the, quantity of data as well as the geographic
distribution of the sites from which (iata have been receiveci  are typicaiiy taken into account by the
:~ll[onomous  pmccssor, wilicil  intclli:cntly ciccicics  when tl]c data rcceivcci arc enough to meet the
siwcific mission rcciuiremcnt, “1’hc ciata retrieval process itscif is aiso automated, with ciata  arriving
througil  mo(icms, high si>ccci lines, or satellite links, ail contro]ied  autonomously without human
in[crvcntion,  in tilis mo(ic, an$ysts  are ordinarily only needed to pc]form spot checks on the
continuous opcriltion  of the software. A series of procedures or scripts enable analysts to proceed
tilrou:h many s[cps of comp]icate(i anaiysis  by entering a singie one-word command. The
i>r(xcs sing can 1X ]na(ic to repeat (iay after ciay or over a specified interval. The system runs
una[tcn(ic~i  for (iays on S]nilll lJNIX workstations processing over 100,000 nleasurements/day
from ciomns of si (CS ioc:ltcci  around the globe, est inmting  more than 25,000 parameters/day, and
i>rc)vi~iin:  IIK most uccuro(c groun(i and space measuremc]lts possible witil the GPS system. The
usc of GOA 11 in imci of i(sclf hils lowereci  the cost of (ioinf:  daily opcraticmal  GPS processing for
tile ‘1”c}i>cx/1’(~sci(ioll  occ:lno~raphy  by about a factor of five (from S to 1 workyear/yr).

I ulfill  e a 11{1  spL’c’i.al_l:@111“(’s

l)a(a lklitor
l{aw mcmurcmcnts :Lrc forlnilttcci,  edited, conciitioned,  and verified. l;or range or pseudorange
mcmurcmcnis, sucil c(iitin:  may be as simple as detecting outiiers.  For carrier phase data
(c’~~n[inuousiy counlcci, or integra[cci  Doppler), cycic slips must bc detectcci  and either repaired or
:Iccoun[cLi  for in the nmici anti in the filtering strategy. The software  modules, while they are
dis[inc( i>rograms , arc i~l so fLdi  y integrated so that the c yclc breaks detected in the editor program
arc :Iutomaticai]y  han(i]c(i propcr]y later on in the fliter modllie. The CJPS data editor has a number
ot’ special fc:lt(u”cs  to cnabic rapid an(i accurate eciiting of very large amounts of data. It recognizes
(i:lta from a vwicty of colnmoni  y usc(i  commercial GPS ~ round receivers as well as from GPS
sl)il~’~  rcccivcrs  ilnci  I])iikcs i~(ijllstnlcnts  for subtle effects such;, differences in clcflnition  of timetag.
‘1’ilc  Gi’S (i:lta  ccii[or  op[imaily treats the GPS data \\hether  it has both Ll and L2 cocie
obscrvabics, or 1,1 cocic-free, or L1/L2 code-free observable. GOA II also has several modules
~vhici~  cun prC-iil~:llyzc  ~i~lti~ from a giobal or regional network and identify and correct or eliminate
qucstionab]c  ci:wi  by performing rapid point position individual or ciif~ercntial  (in station pairs)
solutions. 1 n ad(iition  to these multiple layers of data quaiity control, the filter/smoother has an
illl[olll;l[CCi  fc:l[urc  wi~ich can remove questionab]c  measurements indiviciualiy  and iterate through
tiw ,:ran(i wlu[ion ~vi(hout  reprocessing the entire ciata set over again.

orbii lntegrutor
‘1’ilc orbit i[ltcgriltor pmixigatcs  orbits of satellites in time and computes transition matrices for
ci>nonlic  i~ilr;llllctc~s.  1[ is LISCCi both to construct al] a priol-i  modei for the spacecraft orbits and in
ti)c lii(cr rchncnlcnt anti cstima(ion  of prccisc cphcmcri(ics.  ‘l’he a priori moclc] is important because
in l~}iitl~  cases, siltciii(c  orbit (ietcrmina[ion  is a non-linear lJroblem.  l’hc integrator itself also plays
il cruciai roic in the orbit fij[ing process itself since it provides the ciynamic  parameter partials and
trilt~sition  m:ltriccs.  ‘1’hc bilsic equation governing the motion of a satellite relates the position
[r(t )], velocity [ i(t )], and acceleration [r(t)] over time:

i = f(r, i,p, r)

f = f,,,,;,,,,,,,,,,, -t- f,b,(l,,,,le,,,,  -t f,{),,,,,,,,,,,,,,,,  +“ . . .
(1)

tvhcrc f (icscribcs lhc c~lCrni\i  ilCCe]Cr[\tiOIIS  on the sate]li[e  as a function of the SpaCeCraft state
( Ix)si[ion and vc]ocity,  r an(i fi), a set of constant parameters (p), and til nc (r ). The orbit integrator
(’[)lni>utcs  o uni(iuc sollltion to (ilcsc cquatiom given the sel of parameters p, the force models, and
ini( iiii  con~ii[ions  [ r(0) iin~i i-(())]. ‘1’hc evaluation of the first and second integrals of the equation of
llm(ion  [cq. ( i )] above in tilis  process is what gives rise to the term “orbit integrator.” Also
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itl[~’yr[ltcd :wc  (I]c v:lri:l[iotl:l]  equations, which dcscribc  the sensitivity of the satellite state and its
[ i ]IK dcriva(ives  to (1w initial conditions and the parameters, p. The numerical integration scheme is
:1 v:lriab]c  order Adan]s ]>rcclir[or-corrector with a unique ability for direct integration of second
(~]~lcrc(lll:ltj(~lls  [lj. rl'}]c(JI"l>it  illtcgr:ltor ]lloCll]]e  w~:\sdcsiglicdt  obcbothi  lcxiblea nduscrfriendly,
1[ is ]l:ltll~:list-(llivctl  nnd although there arc more than 150 namclist  items, they have self-
L’x]>l:IIHltL~ry natllcs a]]d most of!hc]n :ll.ccotlvcllic  lltlydefil~ilted.  Optional inputs include: activation
ol’ a Iwgc nulnbcr  0[ J’orcc models wi[h control over their parameters; selection of various
c<x~rdin:l(c  frames for input/output; and custom-design of arbitrary spacecraft. The software is
;Iuuo]]]p:ll]iccl by a 110s[ of u[il itics to rcaci ancl analyze its products. “l’he force models are coded so
(I]:i( (Iwy may tm s\vi(chcd on or off, or combined differently through user input namelists.
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]:ig, ~ Acc(’lcratitjns cxpcricnced by Topcdl’oscidon a t  1336 km a l t i t u d e  duc t o  v a r i o u s
cfl”c’cts n]odelcd  in ( ;  II’SY-OASIS  1 1 .

h’Iod(!ls
‘1’() accura(c]y  estimate spacecraft tr:tjcctories,  dynamic and geometric models must be correct and
comp]ctc.  C;OA 11 models in a genera] way the propagation of radio metric signals between
transmitters and mccivcrs.  With few software constraints, generalization to many different data
l\’llCS is Stl’iligllt l’01’\\’ilrCl. ‘1’hc following clata can and have been modeled and analyzed in GOA II:

carrirr pl)aw (in{cgrillcd  llJpplcr] pscLICk)rany$
I“:III:C-I’:I(L’ (l)opplcr) l-way, 2-\vay, and 3-way clata
Cil’S  trttcking l’r\JIIl gIouIld, air, scw and space pla[forlns CiI’S ltl-C’/A  (single frequency data)
( il)S  1, 1/1,? du:ii I’rc[lucmy d:l[a (tm[h  CYXIL and code-free) M’idc Are;(  Augmcntatiotl Systcn~ (WAAS) simulations

dil’1’crc]]lial  (il’S satellite Iascr  ranging (S1.1<)
1X)1(IS  (I:r,’nch l)opplcr [tacking sys[cm) angle dala
sl:llio [l-sill cllilc d:l[a satcllilc-so  lcllitc data



‘1’lw I’(NCC tnodc]s include cffccis which are anticipated to cause an effect down to the millimcter-
lc\’cl  on the orbit of a low’-I;ar(h  satellite, including: gra\’ity  perturbations from the sun, Eallh
(inc]uding  ocean and po]c tide pcr[urbations),  moon, and other planets; solar radiation pressure;
tlk’rlna]  radiation from the spacccrai’[;  drag; gas ]caks;  maveuvcrs;  radiation force from the F.arth
(alhcdo); an(l cLls(oll~-sl>ccific~l  forces, inc]uciing resonant forces. Geometric models include: E~lh
oricn~ation;  ~rllstill p]atc nm(io[t  nutation; precession; ocearl and Earth tides; ocean loading; antenna
pllasc Center Ofl’scls; coordina(c  systcm transformations (including llarth-fixed  and inellial);
a[lnosphcric  pa(h delays and bending,. GOA 11 also includes GPS - unique models such as the new
Cil’S yaw control sys[cm and at(itudc  mode], and a windup model for GPS carrier phase. The
chcr\zIblc  m(xicls incorporate general relativity effects,  inciuding  the ncmicd  clock models so that
any station or satellite can bc a transmitter and/or receiver. Fig. 2, shows relative magnitudes for
so]nc of (ilc forces acting  on ‘1’opcx/Poseidon,  a low-Eallh  orbiter at 1336 km altitude. Spacecraft-
siwcifiu ]]]LxIcIs  arc s[t”ili:l)[f(>~w:lr(l to ad(i to the GOA 11 nlodcls  and to the orbit integrator due to
(1IC Ino(ill]ar strllcturc of (I)C S o f t w a r e .

lJiltcl”/S]]lootllc~]””
“1’iw  fiitcr/smoo[ilcr  mo(iulc  of GOA 1 I is mechanized as a (Kalman-type) square-root information
l’i itcr (S1{ll;) wit i] a facto rizc(i  lJDU smoother [2,3], ‘1’hc filter/smoother has a multitude of special
fr;lLllrcs  whicil make it an cxtrcmc]y powerful too] for analysis of Satcl)itc  tracking data, particularly
GI’S (iata. These features include:

“ []lL> cap:lbi]i  Ly (o ad(i process noise to any parameter;
s [i]c c:lpabiiity to specify multiple different process noise models for any parameter;
“ [I)c capability to nnicl  a parameter as both a process  noise and as a constant parameter in the

saInc rLln to rcprcscnt  different components of its behavior or effects;
● (ilc capability [o vary ~iw process noise batch interval for each process noise parameter;
● Ii)c capability to pcrfol”ln  a fill] ran:c  of error assessment analyses including  covariance  studies,

collsi(icr an:llysis, simulations, anti the capability to perform UIILJ smoothing of the sensitivity
]n:l[rix  -- this a(i(is  a ~lnique error analysis capability

● comi3Lltation  of I“csicillal  sum of squares after smoothing
● tile capability to remove “nuisance” white noise paramet(.rs  from the run, which saves on cpu

time awi disk space when running the filter and smoother
● tile cai)ai>i  iity (I1c change the a priori unccrtaint y on bias parameters before smoothing, which

stl\~’s  trcl~~ch(ious  ill))(>lll][s  of processing when the analyst needs to test different combinations of
‘“ l’ixc~i” ~roun~i sta(ion coorciinatcs

● [i)c c:~ixli>ii ity to mocicl  tim troposphere (atmospheric) signal delays with multiple parameters, each
\\i[il :17,illllltil  rilngcs  spccificci

‘1’i~i’ usc of fi!(’toriz,cci  il]:orith]]ls  for both filtering and smoothing ensures numerical stability. The
:~ig~~ri[i~lm  \vcrc cicvclopc[i  in part at JI’L anti have been optimized for speed, The filter/smoother
h:LS  been LISCLi for (Iiltil  processing from many GI’S and non-GIW satellites from low-Earth to
Oc[~statiotlary  o r b i t . l’ypic:lliy J}>]. estimates precise GPS orbits with more than 100,000 GPS
~lcitslIrcll~c]l\s/ci:\y  from (ioz.cns  of ground sites in an automated sequence on small UNIX
workst at i ens, with more than 25,000 parameters estimated each day. These data are used to
pr(xilicc  (hc nlmt accur:lte  CiI>S orbits available, accurate to 10-30 cm. The filter/smoother itself
i~:is s~\~~ill  li~~~ls of autonuttcd an(i rigorous data quality tests which identify questionable data
ill’LCt’  both lIK I’iltcr anti  smoolhcr  have finished and then automatically correct or exclude
(ti(~tvncia(c~  the (iucs(ionab]c  data onc at a time. The algorithm requires a tiny fraction of the cpu
Lilll~’ \\ ’i]iul~  \\J(Jl]  i(i bc Ilc>r]]l:tl  i y rcquireci  to rerun an cntiie data set v’ith the bad measurements
rc[])L)\c(i.  1 n ;I(i(iit  ion, GOA 11 Ci]t) bc programmed to aut~unatically  iterate several times through
Lilis  proc’css.
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output U(ilitics
GOA 11 is p:lcka~cd with a library of outpLN utilities to manipulate so]utions  in a variety of formats
and rcfcrcncc  frames. LJ(iliticx  arc available for hanciling  ground station coordinates and computing
b:wlinc  infornl:l[ion and statistics; for satellite ephemeris comparisons and computations; for orbit
pr(~pa~a(ion and prediction; for transformations bctwccn  diffemt reference frames, including
ill~’lli;tl  and 1 iwll]-1’ixcd:  for oLltput  of orbits in a variety of cliffercnt  clata  formats; for statistical
atl:llysis  of post-fit residuals; anii  for calculations relating to estimates for other parameters.

iilltolllilt(’(1 l)roccssing
Ilwrc  arc currently several automated GPS analysis proced~lrcs  running daily with GOA 11 at JPL.
‘1’lll?sc  pl’occdltl”cs arc being uscci to produce near-real time precise ephemerides for
‘1’c)l>cx/1’c>sci(lc>t~  (at 1336 km altitude), which carries a (iPS flight receiver, and for the GPS
s:llcllihx thcmscivcs. ~urrcnt]y  there is about a 12-hr tinlc lag for production of 5-cI1l aCCLlr2Nf3
(ri~di;ll)  orbi[s for ‘1’(~l~cx/I’cJsci(loll.  Real-time know]cdge  (from orbit predictions) is maintained to
about (I1C 1 nlctcl’  ICvc].

1 n aLltomatcd  processing, GOA 1 I watches JPI. disks fot Topcx flight and GPS ground data.
Grt)uNd  dat:i arc fc~chcd  shortly after lJ’1’C midnight (5 pm in C2difornia)  automatically through the
in(crnct,  throllgh  hi:h-speed NASA lines, through modems, or through communications satellites
f’]’~)pcx  t-l igh( da[:l  corers throu:h ‘1’1)1<S). The software calculates a geographical quality indicator,
<, cqLI:il to tile rlns value over the globe of the distance from an arbitrary location on the globe to ‘
(hc nc:lrcst  ground  si[r. l:or an actual network of ground stations, ~ ‘is computed as a double
in(cgra]  of the sllrfacr of L1]C llar[h. l;or an even distribution of stations, it would be calculated as

(2)

l)roccssing  for near-real time Topcx/Poseidon orbits s[arts automatically at & = 4000. The
all~omatc(i  production of CJPS orbits is finished by about 10 am for data. from the day before. The
i’il~:ll  CII’S so] U( ions arc il~~’ltriitc  to 10-30 cm, LISLdly  better than 20 cm. The GPS orbits are
accurate to 50 cm prc(iictcd 1 day; accurate to about 150 cm predicted 2 days; and accurate to 2
nwtcrs prcdictcd  3 days. Via 1<”1’1),  the quick-look  orbit pro(lucts  arc cleposited  automatically on the
sponsor”s  computers \\’i[ll c-nmi] gcncratcd  from the processor (also automatically) reporting on
quill it y indicators, orbit prccisions,  data rcsidua]s,  ancl any potential problems which were noted.

11S1’: OF (;1 l% Y-OASIS 11 IN SA’1’lH.I,IIIt ‘J’RACKING APPI . ICATIONS

‘1’lw GOA 11 sof(warc has been utilized  over a wide spectrum of tracking and positioning
applications (l;igs 3:1-3 c). Wi[h its versatile input options and fro-ranging capabilities, GOA 11 can
dctcrminc  positicm  and velocity for fixed-location sites on the ground, or for moving vehicles in
sea. liltl(l,  air and space environments. Demonstrated 311 accuracies for low- Iiarth orbiting satellites
c;lrrying GI’S rcceivcrs arc 1 to 15 meters in real-time [4,5], ancl belter than 10 cm (2 cm in the
twlial uol]~p(~ncnl) for al’[cr (I1c fact analysis [6,7]. With the most accurate (10-30 cm) JPL/GOA  11
(i I’S orbits. any si(c in the world can be positioned to about 1 cm [8,9]. GOA 11 simulations
r~’ccntly  explored strategies for Wide Area Augmentation System operation, which will provide
r~:ll-[il~w lm’a~ion  inl-orlna(ion to all commercial airliners in several years. JPL has also developed
all innova[ivc  ncw tcchniqllc  callccl  GPS-like tracking [10], which enables orbit determination for
s:l~clli[(’s  at vir~llally  all altitudes, cvcn when the sa{el]ites do not carry GPS receivers. GPS-like
(r:l~kil~~  Llscs G I’S mcasurcmcn[s  to calibrate error sources in the non-~JpS  tracking data. Since
C;OA II models con\cnlimlal  (non-GPS) tracking observable, it can bc used to analyze real or
si l~llll:ltcd  d:~(a from many existing or future satellites which LISC non-GPS tracking systems. The
1),’11’(>]tll;lt~cc  of sllch systems depends on many factors, but a recent analysis of Doppler data with



GOA 11 from SCVCI:L1  loiv-l;arth  orbiters showed that sub-decimeter level accuracy
~vi(ll l:iscr  rilnging (S1 .R) or a French Doppler tracking systcm (DORIS) [11].
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Differential GPS Tracking
Geodesy, oceanography
Commercial
Military
GPS orbit accuracy: 10-20 cm
LEO orbit accuracy: c 10 cm
Grclund coordinate accuracy: 1 cm
Aircraft applicaticms
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Other data types
● General spacecraft-spacecraft observable
● l-way, 2-way, 3-way doppler, range, phase
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Sub-cm geodetic measurements
● Continuous monitoring, more than 100 global sites
● Rapid response to earthquakes
● Unequaled accuracy (millimeters)

Vig.  3 ( e )

l~i~. 3. G1l’SY-O,\SIS  11  has  been used or  clcmonstratcd for u s c  at J1’1,  in  a  wide  var iety  of
satellite t r a c k i n g  a p p l i c a t i o n s . ( a )  R e a l - t i m e  p o s i t i o n i n g  o f  low-lbrth o r b i t e r s ;  (b) IIigh -
prccision different ial  GI’S p o s i t i o n i n g for  ground,  a ir ,  and space  users  ecluipped w i t h  G P S
rcccivcrs: (c) C;l’S-liliC  t r a c k i n g  o f  s a t e l l i t e s in low-}ixrth t o  g e o s y n c h r o n o u s  ( a n d  h i g h e r )
al[itodcs; (d)  general (non-Gl’S)  s p a c e c r a f t  t r a c k i n g  i n  l o w -  t c ,  tligh-Earth o r b i t ;  a n d
(c) prec ise  ground geodesy ,  se i smic  monitor ing arrays ,  and surveying.

Several hundrccl  users woddwidc employ GOA 11 for precise geodetic and surveying applications.
in i(s highest precision mode, GOA 11 can provide several-mm precision measurement of relative
$IOund stalion locations [8,9]. In the U.S. and Japan, GOA 11 is being used in a system to
monitor  hundreds of ground sites for crustal movement rcla(cd to seismic activity.
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[;()}\ 11 h:is  cx[~’llsiic crmr evaluation capabilities, including a unique consider analysis tool [2,3]
~vl]icll  allotvs for snloo~hing of sensitivities, and a multipath  simulator. With these tools, tracking
SVSICII)  (lcsi:]~ aIId [I; Icic-ot T studies can be carried out. Soch  tools, in fact, were used in the late
1“9Sos [~) design (IK prccisc  GPS global tracking system which J])].. is currently using for precise
{)rl)it (ic[clll]iil:l[i[)t~. h4c)rc  rcccn(]y, these error evaluation tools have been used in the commercial
scc(or, by (11c U.S. }\ir l;orcc, and by the U.S. Navy, under contract to JPL..

ii:. 4 lists CLIrrCn[ licxnscd users of GOA 11. It includes non-commercial, government, non-profit,
and commcrchl users. ‘1’hc software is licensed through the California institute of Technology.
in (ornul(ion abou[ licensing, arrangements can bc ob(aincd  from the first author of this paper.
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